Previous neuroimaging investigations in attention-deficit/hyperactivity disorder (ADHD) have separately identified distributed structural and functional deficits, but interconnections between these deficits have not been explored. To unite these modalities in a common model, we used joint independent component analysis, a multivariate, multimodal method that identifies cohesive components that span modalities. Based on recent network models of ADHD, we hypothesized that altered relationships between large-scale networks, in particular, default mode network (DMN) and task-positive networks (TPNs), would co-occur with structural abnormalities in cognitive regulation regions. For 756 human participants in the ADHD-200 sample, we produced gray and white matter volume maps with voxel-based morphometry, as well as whole-brain functional connectomes. Joint independent component analysis was performed, and the resulting transmodal components were tested for differential expression in ADHD versus healthy controls. Four components showed greater expression in ADHD. Consistent with our a priori hypothesis, we observed reduced DMN-TPN segregation co-occurring with structural abnormalities in dorsolateral prefrontal cortex and anterior cingulate cortex, two important cognitive control regions. We also observed altered intranetwork connectivity in DMN, dorsal attention network, and visual network, with co-occurring distributed structural deficits. There was strong evidence of spatial correspondence across modalities: For all four components, the impact of the respective component on gray matter at a region strongly predicted the impact on functional connectivity at that region. Overall, our results demonstrate that ADHD involves multiple, cohesive modality spanning deficits, each one of which exhibits strong spatial overlap in the pattern of structural and functional alterations.
Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a serious and prevalent disorder characterized by age-inappropriate inattention, impulsivity, and hyperactivity. It has been studied in neuroimaging using multiple structural and functional imaging modalities. These investigations, however, have invariably been conducted independently, and the interrelationships between structural and functional abnormalities are thus poorly understood. In particular, it is not currently known whether structural and functional deficits are in any way linked, for example, by exhibiting patterns of spatial overlap or by being comanifestations of an underlying disease construct.
Recent years have seen the emergence of influential network models of ADHD (Sonuga-Barke and Castellanos, 2007; Castellanos and Proal, 2012) informed by the recognition that the human brain is organized into a number of large-scale intrinsic connectivity networks (ICNs) (Fox et al., 2005; Power et al., 2011) . One important ICN, the default mode network (DMN), is implicated in internally directed mentation and mind wandering (Raichle et al., 2001; Buckner et al., 2008) . It exhibits antagonistic relationships with ICNs that support externally directed attention ("task-positive networks" [TPNs] ), including ventral attention network (VAN) and dorsal attention network (DAN) (Fox et al., 2005) . According to current models, in individuals with ADHD, there is reduced regulatory control of DMN by TPNs, leading to inappropriate intrusion of DMN during cognitively demanding tasks and lapses of attention (Weissman et al., 2006; Sonuga-Barke and Castellanos, 2007) . Consistent with this model, altered patterns of internetwork functional connectivity have been demonstrated in ADHD in previous seed-based (Tian et al., 2006; Castellanos et al., 2008) , graph theoretic Ray et al., 2014) , and whole-brain connectomic analyses (Sripada et al., 2014b, c) . In addition, structural deficits have been identified in regulatory control regions, such as dorsal anterior cingulate cortex (dACC) and dorsolateral prefrontal cortex (dlPFC) (Seidman et al., 2005 . These functional and structural findings have been identified in separate investigations, however, and it is not known whether these functional and struc-tural deficits are interrelated and covary in severity across subjects.
More broadly, a number of theorists have looked across independent studies qualitatively and speculated that patterns of structural and functional alterations seen in ADHD represent a meaningful pattern; they seem to implicate functionally related neural circuits Pironti et al., 2014) or exhibit patterns of spatial overlap (Shaw et al., 2007; Cortese et al., 2012 ). In the current study, we sought to investigate this hypothesis quantitatively using joint independent component analysis (ICA), a multivariate, multimodal method that identifies cohesive components that span modalities and covary across individuals. We submitted resting state whole-brain functional connectomes, gray matter volume maps, and white matter volume maps to joint ICA analysis. We hypothesized that functional abnormalities (i.e., altered DMN and TPN interrelations) and related structural abnormalities (gray and white matter abnormalities in cognitive control regions) in ADHD would load onto common components, indicating the presence of linked, covarying structural and functional deficits in ADHD. We also quantitatively tested the hypothesis that regions exhibiting gray matter alterations would also demonstrate changes in functional connectivity.
Materials and Methods
Participants. We used the ADHD-200 sample, which includes data from 756 participants (470 males and 286 females) with complete phenotypic information (diagnosis, age, gender, and handedness) who underwent MRI scanning at seven contributing sites. Of these, 481 participants were healthy controls (HCs) and 275 participants had received a DSM-IV-TR diagnosis of ADHD. Demographic characteristics of the sample are provided in Table 1 . Each site obtained informed consent, and all other procedures complied with institutional Human Investigation Review Boards. provide detailed reporting of phenotypics, assessment protocols, and scanning parameters.
Data acquisition. All participants were scanned on 3.0 Tesla scanners. Resting state scans used standard T2*-weighted echo-planar imaging. Structural scans used standard T1-weighted MPRAGE imaging. All data used are available at the Neuroimaging Informatics Tools and Resources Clearinghouse (http://fcon_1000.projects.nitrc.org/indi/adhd200).
Imaging sample selection and phenotypic imputation. Consistent with previous work (Sripada et al., 2014b, c) , analyses were limited to participants with the following: (1) MPRAGE anatomical images with consistent near-full brain coverage (i.e., superior extent included the majority of frontal and parietal cortex and inferior extent included the temporal lobes) with successful registration; (2) complete phenotypic information for main phenotypic variables (diagnosis, age, gender, and handedness), although imputation was allowed for missing IQ data (see below); (3) full IQ within 2 SDs of the overall sample mean; (4) mean framewise displacement within 2 SDs of the sample mean; and (5) no more than 60% of functional frames removed after application of framewise censoring for motion ('motion scrubbing'; see Connectome generation).
After applying these sample selection criteria, we analyzed data from 421 individuals (HC ϭ 288; ADHD ϭ 133) from seven sites spanning an age range from 7 to 22 years. Demographic characteristics of the preexclusion and postexclusion sample are shown in Table 1 . Of note, for participants lacking an F4 or F2 IQ score, full IQ was estimated by averaging the participant's performance and verbal IQ scores. For participants without any IQ information (which included all participants from the NeuroImage site), the mean IQ across other participants was imputed.
Preprocessing. Preprocessing steps were performed using statistical parametric mapping (SPM8; www.fil.ion.ucl.ac.uk/spm). Scans were reconstructed, slice-time corrected, realigned to the tenth frame, and coregistered with the high-resolution T1-weighted image. Using the voxel-based morphometry toolbox (VBM8; http://dbm.neuro.uni-jena.de/vbm), the high-resolution T1-weighted image was bias-corrected, segmented into tissue types, registered to MNI space, and then normalized using Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (Ashburner, 2007) . The generated maps were modulated for nonlinear effects (which renders resultant values as relative volumes controlled for different brain sizes) and retained for later VBM analysis. The resulting deformation fields were then applied to the functional images. Smoothing of functional data and gray/white matter maps was performed with an 8 mm 3 kernel. Connectome generation. Whole-brain resting state functional connectomes were generated using methods similar to our previous work (Sripada et al., 2013 (Sripada et al., , 2014a Watanabe et al., 2014) . In brief, after linear detrending, regression was performed to remove nuisance effects in each voxel's time-series. Regressors included six motion terms generated from the realignment step as well as their first derivatives. The top five principal components of the BOLD time-series were extracted from CSF and white matter masks and included as regressors, a method that has been demonstrated to effectively remove signals arising from the cardiac and respiratory cycle (Behzadi et al., 2007) . The time-series for each voxel was next bandpass filtered in the 0.01-0.10 Hz range. Next, motion scrubbing (removal of individual frames with excessive head motion from the time-series) was performed, with framewise displacement threshold for excessive motion set at 0.2 mm . One frame before and two frames after the target frame were also removed to account for temporal blurring (Power et al., 2011) . Subjects with Ͼ60% of their frames removed by scrubbing were excluded from further analysis, a threshold justified by simulations conducted by other groups as well as by our group.
We then placed 4.24 (i.e., 3͌2) mm radius regions of interest (ROIs) (encompassing 19 3 ϫ 3 ϫ 3 mm voxels) in a regular grid spaced at 12 mm intervals throughout the brain resulting in 1166 psuedo-spherical ROIs (for a substantial discussion of grid-based parcellation schemes, see Watanabe et al., 2014) . Spatially averaged time-series were then extracted from each ROI. Next, Pearson product-moment correlation coefficients were calculated pairwise between time courses for each of the 1166 ROIs, followed by Fisher's r-to-z transformation to introduce normality. Based on the network map of Yeo et al. (2011), each connection was then Maps were thresholded at z Ͼ2, and contiguous clusters encompassing volumes Ͼ1012.5 mm 3 (300 voxels) are reported. Z scores and coordinates correspond to the peak voxel within each cluster. Gray matter regions are labeled using the AAL atlas, whereas white matter regions are labeled according to the JHU atlas. Abbreviations are defined in Table 8 .
assigned to a network pair based on the large-scale ICN in which it originated and terminated. A total of 907 of these ROIs fell within 5 mm from the cortical parcellation of the brain, and this subset was used for display and spatial correspondence analysis (described below).
Second-level cleansing. Because participants in this sample represent data collected at a number of contributing sites, second-level cleansing was performed to remove site-related variation as well as nuisance variation contributed by other factors. More specifically, we performed a per-feature regression to remove nuisance effects of age, age squared, mean motion (framewise displacement), mean motion squared, IQ, gender, and scanning site (dummy coded into a series of dichotomous predictors). We removed all variance not captured in either diagnosis or residuals.
Joint ICA. Joint ICA, as introduced by Calhoun et al. (2006a), was performed. The steps proceeded as follows.
Modality vectorization. Features (voxels and correlation coefficients) were combined into a single per-subject feature vector. Past work provides schematic representation and mathematical motivation for this approach (Calhoun et al., 2006a Sui et al., 2011) .
Feature normalization and dimensionality reduction. Features from each modality were normalized to have mean sum of squares set at unity.
To prevent values close to zero from having significant effects, the approach of Calhoun et al. (2006a) was used: Alternating white and gray matter features were multiplied by Ϫ1 for analysis and subsequently reversed at the time of component inspection. Initial data reduction was performed using PCA (reducing subjects). In addition, a dewhitening matrix, capable of casting data from the reduced space back to the full space, was retained. Model order was set at 15, similar to prior joint ICA studies (Calhoun et al., 2006a, b) , and consistent with findings that lower model orders (i.e., 10 -20 components) are most effective for uncovering large-scale networks (Abou-Elseoud et al., 2010; Ray et al., 2013) .
ICA. The reduced data were then submitted to an ICA decomposition using the FastICA algorithm (Hyvärinen, 1999) , which returned source maps and a mixing matrix. The mixing matrix was dewhitened using the matrix from the PCA data reduction stage, yielding subject-specific mixing coefficients for each component. ICASSO (Himberg et al., 2004) , run 1000 times, indicated that all components were stable (I q ranged from 0.8370 to 0.9990) (Khadka et al., 2013) .
To identify which components had significantly different expression as a function of ADHD diagnosis, we conducted a multiple regression with component expression scores as outcome and diagnosis (ADHD vs HC) as predictor. The other covariates from the "Second Level Cleansing" step above were included as nuisance covariates. Results for diagnosis were false discovery rate corrected for multiple comparisons arising from testing across multiple components according to the method of Maps were thresholded at z Ͼ 2, and contiguous clusters encompassing volumes Ͼ1012.5 mm 3 (300 voxels) are reported. Z scores and coordinates correspond to the peak voxel within each cluster. Gray matter regions are labeled using the AAL atlas, whereas white matter regions are labeled according to the JHU atlas. Abbreviations are defined in Table 8 . Maps were thresholded at z Ͼ 2, and contiguous clusters encompassing volumes Ͼ1012.5 mm 3 (300 voxels) are reported. Z scores and coordinates correspond to the peak voxel within each cluster. Gray matter regions are labeled using the AAL atlas, whereas white matter regions are labeled according to the JHU atlas. Abbreviations are defined in Table 8 . Benjamini and Hochberg (1995) . Although the sign of coefficient loadings is arbitrary and can vary when rerunning ICA, we have adopted the convention of describing and displaying components in terms of increased expression in ADHD. To assist with visualization, each statistically significant component's corresponding source map was separated into constituent connectivity, gray matter, and white matter maps, z-scored by subtracting mean and dividing by SD, thresholded, and displayed. The 3D structural maps are thresholded at ͉z͉ Ͼ 2 (see subsections A and B of all figures).
To visualize the much larger connectomes, we first thresholded the source maps at ͉z͉ Ͼ 3 such that all connections were nonsignificant, positive, or negative. Next, we restructured the correlation matrix such that nodes were sorted by network affiliation, overlaid lines indicating divisions between networks, and rendered the upper triangular portion of this matrix for the seven cortical ICNs (see subsection C of all figures).
Comparing connectivity with baseline. Prior theory has proposed that there is decreased segregation between DMN and two important TPNs (DAN and VAN) in ADHD (Sonuga-Barke and Castellanos, 2007; Castellanos and Proal, 2012; see Introduction) . To elaborate on this claim, we performed an additional post hoc analysis on Component 1 (which in our results exhibited aberrant DMN-TPN interrelationships). For DMN-DAN and DMN-VAN specifically, we examined the suprathreshold connections from Component 1 in HCs alone in terms of baseline status (i.e., anticorrelated vs positively correlated). We then calculated the proportion of these connections that demonstrated decreased segregation (i.e., these connections were anticorrelated in HCs and were positive in our component, indicating attenuations of these anticorrelations).
Generating circle graphs. To more closely examine the relationships between pairs of networks, we generated circle graphs that display the patterns of alterations between individual subregions within networks (see subsection D of all figures). In brief, the width of the arcs linking a pair of subregions represents the number of abnormal connections between those subregions, relative to the overall population of abnormal internetwork connections. For example, if most of the abnormal connections between VAN and DMN link two specific subregions (e.g., anterior insula and posterior cingulate cortex), then the width of the arc connecting these two subregions will be correspondingly larger. A more thorough reporting of the procedure for circle graph generation follows.
To generate these circle graphs, we first divided each ICN into a number of distinct subregions based on contiguous clusters, MNI coordinates, and anatomical parcellations. We then connected these subregions with arcs. In computing the width of an arc connecting two subregions, we did the following: Let P be the size of the population of connections surviving thresholding for a given pair of networks (e.g., DMN-DAN, VAN-VAN) . Let L be the number of connections within this population that links a pair of subregions. The width of the arc connecting this pair of subregions was then set to be proportional to L/P. Of note, to enhance the readability of the circle graphs, arcs that represent Ͻ1% of the internetwork connections were omitted. In addition, any subregions where both left and right sides participated in Ͻ1% of per-graph connections for all visualizations were omitted from graphs.
Scale measures of symptom severity. In addition, we were interested in how measures of ADHD symptom severity would differentially predict component expression. Inattention and hyperactivity/impulsivity scores were available for 180 (ADHD ϭ 77) of the 421 participants in the present analysis [measured using either The Conners' Parent Rating ScaleRevised, Long Version (Conners et al., 1998) Maps were thresholded at z Ͼ 2, and contiguous clusters encompassing volumes Ͼ1012.5 mm 3 (300 voxels) are reported. Z scores and coordinates correspond to the peak voxel within each cluster. Gray matter regions are labeled using the AAL atlas, whereas white matter regions are labeled according to the JHU atlas. Abbreviations are defined in Table 8 . Assessing spatial correspondence of gray matter and functional connectivity effects. We hypothesized that cortical regions experiencing substantial gray matter modulation as a function of component expression would display correspondingly aberrant connectivity. We investigated this hypothesis by calculating component-specific per-ROI impact scores for gray matter and functional connectivity, respectively, at the 907 cortical ROIs. The method, repeated independently for each component of interest, went as follows. We took the absolute value at all voxels as our hypothesis was about gray matter effects regardless of sign. Next, we calculated the average gray matter z-score within each ROI. This yielded a per-ROI gray matter impact score that reflects the degree to which gray matter contained within that ROI was affected in a given component. The process to obtain per-ROI functional connectivity impact scores was similar. First, we took the absolute value of z-scores from the connectivity map as our hypothesis was about connectivity effects regardless of sign. Next, for each ROI, we averaged the z-scores for all the connections in which this ROI participated. This per-ROI connectivity impact score reflects the degree to which the connectivity patterns of that ROI are affected in a component.
We then calculated correlation coefficients separately for each component between the respective gray matter impact score maps and connectivity impact score maps. Because ROIs may exhibit some spatial dependence, statistical significance of these correlations was assessed as follows. For each component, we estimated the smoothness of the gray matter impact score map and connectivity impact score map, respectively, using Analysis of Functional NeuroImages's (http://afni.nimh.nih.gov/afni/) 3dFWHMx utility. These smoothness estimates served as inputs to Analysis of Functional NeuroImages's 3dClustSim utility as we generated 10,000 new pairs of random maps. These random maps represent realizations of the null hypothesis of no intermodal correlation but have comparable spatial dependence to our observed components. Similar to the process in our real data, we calculated the intermodal correlation across ROIs for each of these 10,000 pairs. This process yielded 10,000 correlation coefficients that served as an estimate of the null distribution of no intermodal correlation given our spatial smoothness. The correlation coefficient observed in the real data was located in this distribution to yield a one-sided p value. In cases where the observed value was greater than all values in the null distribution, the p value was reported as Ͻ0.0001, the smallest p value that can be obtained from 10,000 realizations of the null distribution.
Results
Our multiple regression analysis identified four components that were significantly modulated as a function of ADHD diagnosis ( p Ͻ 0.05, false discovery rate-corrected). The identities of these components were 1, 4, 9, and 12, respectively (corresponding test statistics and uncorrected p values were t (407) ϭ 3.03, 2.61, 2.80, and 3.19, p ϭ 0.0026, 0.0094, 0.0055, and 0.0015, respectively; of note, ordering of components in ICA is arbitrary). For each component's connectomic pattern, as well as selected circle graphs for particular network pairs of interest, along with selected slices of gray and white matter differences, see Figures 1, 2, 3 , and 4. Tables 2 and 3 list abbreviations used throughout figures. Cluster and peak information for gray and white matter changes, labeled according to AAL atlas (Tzourio-Mazoyer et al., 2002) and JHU atlas (Hua et al., 2008) , for each component are reported in Tables 4, 5, 6, and 7. Abbreviations used in these tables are listed in Table 8 .
Component 1 showed reduced DMN-TPN segregation and structural alterations in cognitive regulation regions
Component 1 (Fig. 1) exhibited a prominent decrease in intra-DMN connectivity as well as increased DMN-DAN connectivity, Tables 2 and 3 . This multimodal component reveals decreased segregation between DMN and TPNs that co-occurs with structural deficits in cognitive control regions, including dACC and dlPFC.
largely terminating in inferior parietal lobule (IPL) in DAN, and mostly increased DMN-VAN alterations, with strong participation by posterior cingulate cortex (PCC) in DMN. An additional post hoc analysis (see Materials and Methods) showed that most of these connections exhibited a pattern of decreased segregation (DMN-DAN: 81.7%; DMN-VAN 65.3%). There was also increased DMN-frontoparietal network (FPN) connectivity, dominated by altered connections involving superior lateral prefrontal cortex (slPFC) and dlPFC in FPN. The dlPFC (especially left dlPFC) was also a focal point of gray matter reductions, along with other cognitive control regions, including anterior cingulate cortex (ACC). In addition, there were gray matter decreases in bilateral temporal pole regions and white matter reductions in splenium, mid-corpus callosum, and brainstem. See Table 4 for cluster and peak information for gray and white matter changes in Component 1.
Two components showed heavy involvement of visual network and dorsal attention network Component 4 (Fig. 2) exhibited widespread hyperconnectivity in connections within visual network (VN). There was also a pattern of hyperconnectivity between diverse regions of VN and DAN, with most DAN termini in superior parietal (SP) regions. Functional alterations involving the visual system were mirrored by bilaterally decreased gray matter volume along the anterior calcarine fissure near primary visual cortices and diffuse bilateral white matter decreases in posterior visual regions extending to extrastriate visual cortical areas. In addition, there was increased gray matter in the thalamus, ventral regions of striatum, bilateral insula, and inferior and right superior cerebellum, and white matter increases in mid to anterior corpus callosum, left inferior operculum, and brainstem. See Table 5 for cluster and peak information for gray and white matter changes in Component 4.
Component 9 (Fig. 3 ) was marked by decreased connectivity both within DAN and in DAN-VN and DAN-somatomotor network (SMN). Within DAN, precuneal cortices (bilaterally, though most markedly on the left) and right superior occipital areas experienced decreased gray matter volume. In addition, there were gray matter increases in temporal pole and decreased gray matter in inferior cerebellar regions. See Table 6 for cluster and peak information for gray and white matter changes in Component 9.
Component 12 showed prominent structural abnormalities in DMN Component 12 (Fig. 4) showed robust gray matter reductions in regions of the brain within DMN, including ventromedial prefrontal cortex, PCC, lateral temporal pole, and middle temporal gyrus. Although the associated connectomic map was sparser than other components, nonetheless it showed some concentration in intra-FPN, as well as FPN-DAN, with FPN termini predominantly in slPFC and dlPFC; and FPN-VAN, with FPN termini largely localized to dlPFC. In addition, there were gray matter increases in thalamus and bilateral precentral regions whereas white matter alterations included increases in bilateral precentral areas and decreases in bilateral middle temporal gyrus. See Table 7 for cluster and peak information for gray and white matter changes in Component 12.
Components 4 and 12 were selectively predicted by inattention and hyperactivity/impulsivity scores, respectively Further investigation of the association between component expression and symptom severity scores proceeded on the subsample of 180 participants as described in Materials and Methods. This analysis revealed that Component 4 was significantly predicted by inattention (t (170) ϭ 2.07, p ϭ 0.04) whereas Component 12 was significantly predicted by hyperactivity/impulsivity (t (170) ϭ 2.45, p ϭ 0.02). In both cases, higher symptom severity scores were associated with increased component expression.
For all four components, gray matter and functional connectivity effects exhibited strong spatial correspondence Correlation tests were used to assess spatial correspondence between gray matter and functional connectivity impact scores. Using a simulation-based approach to assess statistical significance while accounting for spatial dependence (see Materials and Methods), we found that, for all four components, there were highly statistically significant positive correlations (Component 1: r ϭ 0.25, p Ͻ 0.0001; Component 4: r ϭ 0.28, p Ͻ 0.0001; Component 9: r ϭ 0.14, p ϭ 0.0047; Component 12: r ϭ 0.17, p ϭ 0.0020), indicating that, as a component's impact on gray matter at a region increased, the impact on functional connectivity at Tables 2 and 3 . This multimodal component reveals hyperconnectivity within VN that co-occurs with diffuse reduced white and gray matter throughout visual cortex.
that region also increased. Scatter plots of the correlated impact scores are shown in Figure 5 .
Discussion
We investigated interrelationships between abnormalities seen in three types of neuroimaging-derived maps (resting state functional connectivity, gray matter volume, and white matter volume) using joint ICA, a multivariate, multimodal method. We found four modality-spanning components that are altered in ADHD that encompass (1) altered internetwork relations, in particular reduced segregation between DMN and TPNs, with co-occurring structural deficits in TPN regulatory nodes; and (2) abnormal intranetwork connectivity with co-occurring structural deficits in DMN, DAN, and VN. In addition, all four components showed spatial correspondence in the presence of gray matter changes and functional connectivity changes. These findings are highly consistent with an emerging ADHD literature that highlights the role of both alterations in distributed large-scale networks as well as focal deficits in cognitive and motoric regulation regions in ADHD . Moreover, the findings support the view that these functional and structural deficits are interconnected and covary across subjects. More tentatively, these results invite further investigation into avenues for combining multiple modalities to develop genuinely transmodal biomarkers of ADHD.
Influential network models of ADHD identify altered interrelationships between DMN and TPNs, in particular reduced suppression of DMN and reduced segregation between the networks, as a key locus of dysfunction in ADHD (Sonuga-Barke and Castellanos, 2007; Castellanos and Proal, 2012) . In this study, we found both functional and structural evidence consistent with this model. Component 1 showed evidence of decreased segregation between DMN on the one hand and two major TPNs, DAN and VAN (Fig. 1) . Component 1 also exhibited decreased gray mater volume spanning dorsal and rostral ACC. Dorsal ACC is implicated in conflict monitoring, is frequently found to be abnormal in ADHD , and has been linked to mechanisms by which psychostimulants improve attention functioning . Component 1 also exhibited gray matter deficits in dlPFC, a region important in cognitive control (MacDonald et al., 2000; Miller and Cohen, 2001) and that reliably exhibits deficits in ADHD (Dickstein et al., 2006; Christakou et al., 2013) . It has been hypothesized that reduced segregation between DMN and TPNs observed in functional connectivity studies arises due to reduced regulation and inhibition of the DMN by key TPN nodes (Fassbender et al., 2009; Anticevic et al., 2012) . The fact that diminished DMN-TPNs segregation and reduced gray matter in key TPN nodes load onto a common component provides additional evidence for this hypothesis.
In addition to deficits in the relations between DMN and TPNs, we also found deficits within individual ICNs. Component 1 exhibited dramatic hypoconnectivity within DMN (Fig. 1) . This is consistent with recent reports using seed-based methods that found diminished connectivity between critical DMN hubs . Structural deficits in DMN, in particular diffuse reductions in gray matter in subgenual cingulate, PCC, and lateral temporal regions, were observed in Components 1 and 12. These findings of alterations within DMN are consistent with previous studies using other imaging metrics Tomasi and Volkow, 2012) .
We observed functional alterations involving DAN in multiple ICA components. In Component 1 (Fig. 1) , DAN exhibited Tables 2 and 3 . This multimodal component reveals structural abnormalities in DAN regions, including precuneus that co-occur with decreased intra-DAN connectivity.
decreased segregation with DMN. This was earlier explained in terms of the role of DAN, and other TPNs, in regulation and suppression of DMN during externally focused tasks. In Component 9 (Fig. 3) , there was decreased connectivity within DAN and reduced connectivity between DAN and VN. DAN is richly interconnected with visual cortex, as demonstrated using convergent methods, including fMRI (Corbetta and Shulman, 2002) , lesion studies (Corbetta and Shulman, 2011), transcranial magnetic stimulation (Ruff et al., 2006; Driver et al., 2010) , and effective connectivity analysis (Vossel et al., 2012) . Diminished DAN connections with VN might manifest as dysregulated visual attention and distractibility. This is consistent with our finding of altered VN connectivity in Component 4 (Fig. 2) , which is discussed below. In Component 12 (Fig. 4) , DAN regions, including bilateral superior parietal cortex, exhibited diminished connectivity with key nodes of FPN, especially right and left dlPFC. FPN has been proposed to implement online adjustment of cognitive control Cole et al., 2013) and regulates DAN in accordance with goals and task demands (Gao and Lin, 2012; Spreng et al., 2010 Spreng et al., , 2013 . Diminished FPN connectivity with DAN might thus contribute to the cognitive control deficits that are characteristic of ADHD (Douglas, 1999; Nigg, 2001) . Together, our finding of distinct DAN deficits in three different ICA components suggests that DAN dysfunction is central to ADHD and additionally that ADHD might involve potentially separate and partially dissociable DAN-associated dysfunction.
We found strong evidence for linked structural and functional deficits in occipital regions associated with visual processing. Component 4 (Fig. 2) showed prominent VN hyperconnectivity, and there were overlapping gray and white matter alterations within regions of VN, as well as structural alterations in related regions such as thalamus, which is implicated in visual attention (Saalmann and Kastner, 2011 (Sripada et al., 2014a) , and administration of alertness-enhancing compounds, such as methylphenidate (Sripada et al., 2013) and physostigmine (Ricciardi et al., 2013) . Our finding of increased coherence within VN in ADHD could thus reflect diminished visual attention in the disorder, consistent with suggestions by other theorists (Castellanos and Proal, 2012) .
In all four components, we found evidence of spatial co-occurrence of gray matter and functional connectivity effects; regions that showed greater gray matter changes also showed greater functional connectivity changes. Although there is a substantial literature in ADHD separately investigating gray matter disturbances and functional connectivity disturbances, to our knowledge, this is the first study that quantitatively identified spatial co-occurrence of these effects. This illustrates the utility of multimodal methodologies, such as jICA for delineating meaningful groups of interconnected findings distributed within and across modalities; in particular, the pattern of assortativity of these alterations can yield novel insights regarding disease pathophysiology.
Regarding the spatial co-occurrence of gray matter and functional connectivity changes, two possibilities are worth distinguishing. First, the spatial co-occurrence might be due to direct causal influences between structure and function. For example, primary disturbances in gray matter physiology, manifesting as volumetric changes, might produce changes in slow intrinsic oscillations of the affected tissue, which in turn impacts functional connectivity patterns. Alternatively, both structural and functional abnormalities might have a single "upstream" developmental common cause that produces both changes. Of note, this second explanation is not limited to accounting for effects within a component that are spatially co-occurring, it can also explain spatially disparate structural and functional connectivity changes as well (e.g., our finding in Component 1 of reduced DMN-TPN segregation along with structural alterations in cognitive regulation regions). During normal maturation from late childhood through early adulthood, DMN and TPNs segregate Anderson et al., 2011) whereas gray matter in cognitive regulation regions undergoes a complex pattern of modulation (Giedd et al., 1999; Shaw et al., 2006) . Any insult that produces a delay in normal developmental trajectories would thus produce reduced segregation between DMN and TPNs and could also impact gray matter in cognitive regulation regions, thus explaining the co-occurrence of these findings in Component 1. In separate reports using this same dataset, we provide additional evidence for reduced segregation of DMN with VAN in ADHD (using an entirely different non-ICA-based methodology) (Sripada et al., 2014b) . In addition, we demonstrate lag in typical maturational trajectories of connections within DMN and between DMN and TPNs (Sripada et al., 2014c) .
We found differential loading of components onto distinct dimensional aspects of the ADHD phenotype. In particular, using Conners' symptom severity scores, we found that Component 4 was differentially predictive of greater inattentiveness. This finding fits well with our previously discussed hypothesis that alterations in Component 4 reflect perturbations in visual attention and attributions of visual salience. Component 12 was specifically related to hyperactivity/impulsivity. This might be related to the prominence of FPN, a network known to be involved in cognitive control ; Cole et al., 2013) , in this component. These findings suggest that distinct Figure 5 . Relationship between functional connectivity impact score and gray matter impact score, paneled by component. Dots locate each ROI, colored based on network affiliation, with respect to gray matter changes (gray matter impact score) on x-axis and connectivity changes (connectivity impact score) on y-axis. All four components demonstrate a strong correspondence between gray matter and connectivity impact scores.
dimensional aspects of ADHD exhibit dissociable transmodal signatures. The remaining two components (i.e., 1 and 9) were altered in ADHD (considered as a dichotomous diagnosis) but did not show specificity for the inattention or hyperactivity symptom dimensions. Future work using more refined symptom scales, as well as methods that directly probe selected symptom dimensions, such as task-based fMRI, could further elaborate these possibilities.
In conclusion, this is the first study to use multivariate, multimodal methodology to investigate linked structural and functional deficits in ADHD. We demonstrate transmodal deficits in ADHD that encompass functional relationships within and between large-scale networks and structural deficits in regions involved in cognitive control, with clear evidence of spatial cooccurrence of alterations in structure and function.
Notes
Supplemental material for this article is available at http://sites.lsa. umich.edu/sripada/data/. We provide unthresholded gray and white matter maps and additional details on our network subparcellation. This material has not been peer reviewed.
